Neuroimaging studies have suggested the presence of abnormalities in the prefrontal-thalamic-cerebellar circuit in schizophrenia (SCH) and depression (DEP). However, the common and distinct structural and causal connectivity abnormalities in this circuit between the two disorders are still unclear. In the current study, structural and resting-state functional magnetic resonance imaging (fMRI) data were acquired from 20 patients with SCH, 20 depressive patients and 20 healthy controls (HC). Voxel-based morphometry analysis was first used to assess gray matter volume (GMV). Granger causality analysis, seeded at regions with altered GMVs, was subsequently conducted. To discover the differences between the groups, ANCOVA and post hoc tests were performed. Then, the relationships between the structural changes, causal connectivity and clinical variables were investigated. Finally, a leave-one-out resampling method was implemented to test the consistency. Statistical analyses showed the GMV and causal connectivity changes in the prefrontal-thalamic-cerebellar circuit. Compared with HC, both SCH and DEP exhibited decreased GMV in middle frontal gyrus (MFG), and a lower GMV in MFG and medial prefrontal cortex (MPFC) in SCH than DEP. Compared with HC, both patient groups showed increased causal flow from the right cerebellum to the MPFC (common causal connectivity abnormalities). And distinct causal connectivity abnormalities (increased causal connectivity from the left thalamus to the MPFC in SCH than HC and DEP, and increased causal connectivity from the right cerebellum to the left thalamus in DEP than HC and SCH). In addition, the structural deficits in the MPFC and its causal connectivity from the cerebellum were associated with the negative symptom severity in SCH. This study found common/distinct structural deficits and aberrant causal connectivity patterns in the Corresponding author.
Introduction
Schizophrenia (SCH) and depression (DEP) are two serious psychiatric disorders that are regarded as distinct entities. However, both disorders share cognitive and affective impairment and even similar clinical features, i.e. the traditional negative symptoms of SCH can conceptually overlap with the common symptoms of DEP. 1 In addition, genetic analyses have identified some common polymorphisms in both disorders.
2 It appears that this evidence began to encourage the investigation of the common pathophysiologies between the two related disorders. By this token, the two diseases may have generally overlapping pathophysiological and disease-specific mechanisms. This study aimed to investigate possible imaging correlates with common/specific transdiagnostic abnormalities.
Recently, the neurobiological alterations in SCH and DEP have been investigated using MRI and (EEG). [3] [4] [5] [6] [7] [8] [9] Volumetric reductions in the gray matter of the prefrontal cortex were consistently reported in SCH. 10 Similarly, gray matter loss in prefrontalrelated regions, i.e. the right orbitofrontal cortex, dorsolateral prefrontal cortex and the cingulate gyrus, was also observed in DEP. 11 In parallel, studies using functional connectivity have widely investigated the abnormal patterns of the prefrontalthalamic-cerebellar circuit in SCH.
12-15 A crosssectional study reported that both refractory and nonrefractory depressive patients showed significantly reduced functional connectivity in prefrontallimbic-thalamic areas. 16 Based on these evidences, it can be concluded that both disorders show gray matter loss in prefrontal-related regions and in the functional circuits of prefrontal-limbic-thalamic areas. However, it remains unclear whether there are common or distinct causal connectivity abnormalities in this circuit between the two disorders. In addition, a recent study using voxel-based morphometry (VBM) and Granger causality analysis (GCA) demonstrated increased causal connectivity in the prefrontal-thalamic-cerebellar circuit, which may be a compensatory mechanism for combating the structural deficits in SCH 17 ; thus, in the current study, we further investigated the relationship between structural deficits, abnormal causal connectivity and symptoms.
As the current investigation is based on the potential transdiagnostic impairments of the prefrontal-thalamic-cerebellar circuit in SCH and DEP, we hypothesized that similar or distinct alterations in this circuit may contribute to a common or diagnostic-specific neurophysiological basis in both disorders. To search for a potential transdiagnostic neural signature, multimodal MRI was performed to assess both structural and functional features. [18] [19] [20] [21] [22] We first used VBM analysis 23 to evaluate the whole-brain GMVs among two groups of patients and healthy controls (HC). Next, the regions with altered GMVs were selected for further causal connectivity analysis using GCA. 24 Unlike certain other functional connectivity methods which characterize undirected connectivity by estimating temporal synchronization, 25, 26 GCA is a method based on linear regression for investigating whether the past value of the time series in one region could predict the current value of time series in another region and thus can reveal the direction of information flow.
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Then, we also examined whether these structural and functional abnormalities were correlated with clinical variables. Finally, we implemented a leave-oneout resampling method to test the consistency of the present study using a subset (n − 1) of subjects.
Methods

Participants
Twenty patients with SCH, 20 depressive disorder patients and 20 HC were recruited from Chengdu Mental Health Center. The inclusion criterion for patients included: (1) Each patient was diagnosed according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) by two experienced clinical psychiatrists; (2) All subjects from age 18 to 55 years; (3) No contraindications to MRI scanning. The exclusion criterion for patients included: (1) A history of brain structural abnormality, substance-related disorders, major medical or neurological disorder; (2) patients with pregnancy or lactation were excluded; (3) Considering the genetic effect, if more than one patient from the same family, only one patient was included in this study; (4) SCH patients with a history of depressive episode were excluded. The inclusion criterion for HC included: (1) Age from 18 to 55 years; (2) No contraindications to MRI scanning; (3) All HC subjects took no hormones or psychoactive substances in at least six months. The exclusion criterion for HC included: (1) A history of brain structural abnormality, substance-related disorders, major medical or neurological disorder; (2) subjects with pregnancy or lactation were excluded; (3) The history of psychiatric disorder in a first-or second-degree relative was an additional exclusion criterion for HC to exclude the potential effect of genetic backgrounds. All patients were on medication, e.g. antipsychotics for SCH and antidepressants for DEP. 20 patients with SCH received atypical and typical antipsychotics (olanzapine (n = 1), clozapine (n = 3), quetiapine (n = 4), risperidone (n = 3), ziprasidone (n = 1), aripiprazole (n = 1), sulpiride (n = 1), clozapine and risperidone (n = 2), risperidone and ziprasidone (n = 1), clozapine and aripiprazole (n = 2), risperidone and aripiprazole (n = 1), risperidone and sulpiride (n = 1), quetiapine and sulpiride (n = 1), clozapine and sulpiride (n = 1)). When capturing images, in order to minimize head motion, foam pads were used to fix their heads; and ear plugs were used to reduce uncomfortableness of scanning noise. All participants were instructed to keep minds wandering and eyes closed without falling asleep during fMRI scanning. All subjects were also surveyed whether they fell asleep during scanning.
Structural data analysis
Imaging data were analyzed with standard steps of VBM analysis 27 in Statistical Parametric Mapping (SPM, http://www.fil.ion.ucl.ac.uk/spm/). First of all, we check all images for artifacts, and reoriented so that the image origins were set at the anterior commissure. Subsequently, T1-weighted images were segmented into gray matter, white matter (WM) and cerebrospinal fluid (CSF), and total volume of gray matter which was used to estimate the true volume of the tissue was obtained in the native space for each subject. Then, DARTEL approach was used for optimal registration of individual segments to a group mean template. The segments were modulated by the Jacobian determents to correct for volume changes in nonlinear normalization. The modulated segments were further normalized to the Montreal Neurological Institute space and smoothed using an 8 mm full-width at half maximum (FWHM) Gaussian kernel. 28 The generated smoothed, modulated nonlinear only, warped, segmented gray matter images allowed comparing the absolute amount of tissue and were used as the GMV for subsequent group comparisons.
After normality tests, total volumes of gray matter, WM volume and whole brain were compared among the three groups using ANOVA, respectively. Voxel-wise comparisons of GMV were analyzed using ANCOVA with age, gender, education and total volume of whole brain as covariates of no interest. A gray matter majority optimal threshold mask, created from all subjects, was applied to eliminate voxels of nongray matter. 29 For multiple comparisons correction, we maintained a corrected false-positive detection rate of P corrected < 0.05 using a voxel threshold of P < 0.001 and a cluster extent threshold determined by Gaussian Random Field theory. For these regions with significant group differences from ANCOVA, the mean GMV of each region was extracted to perform post-hoc least significant difference (LSD) analysis.
Functional data preprocessing
The functional data preprocessing was performed using the DPABI toolbox (http://rfmri.org/dpabi).
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Imaging data preprocessing steps consisted of 1) removing the first five volumes to allow the subjects' adaptation to the scanning environment and make signal equilibrium, 2) slice timing, 3) realignment, 4) coregistering T1 image to functional space and segmenting using DARTEL, and then resampling to 3 × 3 × 3 mm 3 , 8) bandpass filtering (0.01-0.1 Hz), 9) smoothing (FWHM = 6 mm). We did not regress out global mean signal because it can distort between-group comparisons of inter-regional correlation.
34 Motion-related artifacts were not only controlled using higher-order regression model and data scrubbing approaches at the individual-level, but also assessed for the differences of head motion at the group-level by traditional statistical analyses. All participants' head motions of translation and rotation were less than 2 mm and 2
• . The z-translation motion parameters showed significant group effect (max: F = 4.81, P = 0.012 and mean: F = 3.79, P = 0.028). Therefore, the ztranslation motion parameters were used as covariates of no interest in the following group-level statistical analyses.
Causal causality analysis
In this study, auto regressive models were utilized to estimate the Granger causality to investigate whether the past value of one time series could correctly predict another. 35 While combining the information of the past values of the time series, X and Y can better estimate the current value of Y than the past value of Y alone, the time series X has a causal effect on time series Y . Consistent with previous GCA definitions, 24 the GCA features are briefly described here. For the auto regressive representation:
where ε t and ε t are the residuals of formulas (1) and (3); U 1 and V 1 are the variances of ε t and ε t , respectively.
where µt and µt are the residuals of formula (5) and (7); U 2 and V 2 are the variances of µ t and µ t , respectively.
The specific parameters of F X→Y (formula 9) and F Y →X (formula 10) are introduced to further describe the causal effect based on the decrease in the variance of the residuals. 24 Each parameter is given by the logarithm of a particular variance ratio between the residuals of the regressive model of X added to the past description of Y and of the residuals variance of Y alone. F X→Y (or F Y →X ) represents the amount of causality given by X (or Y ) when applied to the prediction of Y (or X). Additionally, the F net (formula 11) which was defined as the subtraction of F X→Y from F Y →X was used to measure the flow difference term of the net influence.
36 Positive F net values indicated that the influence was from X to Y , whereas negative values pointed to an influence in the reverse direction.
Based on the abovementioned VBM analysis, the regions that showed significant group differences were defined as the seeds. The peak voxel of each seed was chosen as a 6-mm-radius sphere seed for the GCA. The voxelwise, residual-based GCA was performed on the gray matter mask using REST toolbox (http://www.restfmri.net). 37 This GCA method has been used in our previous study which identified an altered hippocampo-cerebello-cortical circuit in SCH. 38 This previous study indicated that the GCA could be an effective measure to investigate the abnormal effective connectivity in psychiatry disorders. Different from the previous study, the current study applied the GCA to investigate the altered connectivity based on the structural deficits in a different sample of SCH, DEP and HC. Same as our previous study, 38 three cause parameters (F X→Y , F Y →X and F net ) including inflow-to-seed, outflow-from-seed and out-inflow were calculated in the current study. For each seed, three maps were acquired between the seed and each voxel in the gray matter mask. The resulting F X→Y , F Y →X and F net were further transformed to an approximately normal distribution and were then converted to zscores, which could better improve the normality for the subsequent statistical analyses.
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To discover the differences between the groups, ANCOVA and post hoc LSD tests were performed with the sex, age, education and head motion variables as unconcerned covariates. Multiple comparison correction was also performed using the same parameter described above (P corrected < 0.01 due to four seeds).
Correlations between altered GMV, causal effect and clinical variable
The altered GMV and causal effect of interested were defined based on the results of above VBM and GCA and then extracted for the correlation analysis. The averaged GMV of each ROI were correlated with clinical features (HAMD and PANSS positive, negative, general psychopathology subscales and total scores) using partial correlation analysis when controlling the effects of age, gender, education and total volume of gray matter. In addition, the causal effect showing significant difference between groups were correlated with clinical features by partial correlation when controlling the effects of age, gender, education and head-motion variables. We also examined the correlations between the altered GMV and causal effects using partial correlation when controlling the effects of age, gender, education, total volume of gray matter and head motion variables.
Leave-one-out resampling validation
A leave-one-out resampling method was used to assess whether the above results were driven by a single subject from any of the 3 groups. For each voxel, sixty separate subsamples of size n − 1 (e.g. 60 − 1 = 59) were generated by leave-one-out resampling procedure and each subsample was performed using ANCOVA to assess significance (p < 0.001).
For each voxel, the validation rate (VR) was the proportion of these 60 separate subsamples with significance. A high VR represents that the results are not dependent on some specific outliers. The Fig. 1 provided a schematic of leave-one-out resampling procedure.
Results
Demographic and clinical variables
Three groups had no difference in gender (Chi-square test, p = 0.754), age (Kruskal-Wallis test, p = 0.931) and education (Kruskal-Wallis test, p = 0.305).
There was a significant difference in disease duration (Mann-Whitney test, p = 0.016) between two patient groups. Detailed information can be seen in Table 1 .
Voxel-based morphometric analysis
The total volumes of the gray matter, WM and whole brain exhibited no significant differences among the groups (p > 0.3). ANCOVA showed four clusters with significant group effects in the GMV (P corrected < 0.05).
The post hoc analysis-based ANCOVA revealed that compared with the HCs, both of the patient groups showed significantly decreased GMV in the bilateral middle frontal gyrus (MFG). Moreover, SCH showed significantly lower GMV in the bilateral MFG than DEP. Additionally, SCH had significantly decreased GMV in the medial prefrontal cortex (MPFC) and rectus than both DEP and HCs. The results are presented in Fig. 2 and Table 2 .
Granger causality analyses
Based on the differences found through the GMV analysis, four ROIs, including the bilateral MFG, MPFC and rectus were selected as seeds for the GCA.
For the comparisons of the inflow-to-seed maps, ANCOVA showed an alteration in the causality effect for seeds in the MPFC (P corrected < 0.01, based on four seeds) ( Fig. 3 and Table 3 ). Post hoc analysis revealed that SCH showed increased causal flow from the left thalamus to the MPFC, while no difference was observed in DEP.
For the comparisons of the out-inflow-to-seed maps, ANCOVA showed an alteration in the causality effect of the seeds in the MPFC (P corrected < 0.01, based on four seeds) ( Fig. 3 and Table 3 ). Post hoc analysis revealed that compared with the HCs, both SCH and DEP showed significantly increased outinflow from the right cerebellum to the MPFC.
For the comparisons of the outflow-to-seed maps, ANCOVA showed an alteration in the causality effect of the seeds in the right MFG (P corrected < 0.01, based on four seeds) ( Fig. 3 and Table 3 ). Post hoc analysis revealed that only SCH showed significantly increased flow from the right MFG to the left IFG. Above results exhibited altered connectivity from the thalamus to the prefrontal cortex in SCH and common altered connectivity from the cerebellum to the prefrontal cortex in SCH and DEP. As the thalamus is anatomically the relaying node in the link between the cerebellum and cortex, we also evaluated the causal effect between the left thalamus and right cerebellum using a region-to-region GCA of the three groups. The peak voxels of the left thalamus (−91, −24, 0) and right cerebellum (27, −45, −18) were chosen as 3 mm-radius sphere ROIs for the GCA. The F X→Y , F Y →X and F net were calculated to estimate the causal effect between the two ROIs. As the F X→Y , F Y →X and F net from the ROI-to-ROI GCA cannot be transformed to z-scores, the Kruskal-Wallis H test was used to determine the group differences, and the Mann-Whitney U test was performed to compare the differences between any two of the groups. The nonparametric tests were performed using SPSS. The results showed significant group differences in the causal connectivity from the right cerebellum to the left thalamus (KruskalWallis test, p = 0.005). Post hoc analysis demonstrated that DEP had significantly higher causal connectivity from the right cerebellum to the left thalamus than SCH (Mann-Whitney test, p = 0.001) and the HCs (Mann-Whitney test, p = 0.021), while SCH and the HCs showed no significant differences (Mann-Whitney test, p = 0.607). In short, this study observed common increased causal connectivity from cerebellum to MPFC in both patient groups and DEP-specific increased causal connectivity from cerebellum to thalamus as well as SCH-specific increased causal connectivity from thalamus to MPFC (Fig. 3(B) ).
Correlations between Altered GMV, causal effect and clinical variable
We investigated the correlation between the altered GMV, causal effect and clinical variables for each patient group. Results showed that in the SCH group, the GMV of MPFC had a significant negative correlation with the PANSS negative subscales scores (R = −0.615, p = 0.011, Fig. 4 ) and the causal out-inflow from the right cerebellum to the MPFC had a significant positive correlation with the PANSS negative subscales scores (R = 0.518, p = 0.047, Fig. 4 ). In addition, we also found the significant negative correlation between the GMV in the MPFC and the causal out-inflow from the right cerebellum to the MPFC (R = −0.550, p = 0.042, Fig. 4) . No significant correlation between altered GMV, causal effect and clinical variables was observed in the DEP group.
Leave-one-out resampling validation
Almost all voxels of clusters with significant group differences based on GMV analysis and GCA analysis exhibited a perfect consistency (VR = 100%) of the present study by a subset (n−1) of patients. The mean VR of each cluster showed an excellent validation rate (all VRs > 80%). It showed that the results had a high consistency.
Discussion
Although many studies have demonstrated abnormalities in the prefrontal-thalamic-cerebellar circuit in SCH and DEP, to the best of our knowledge, this study is the first to directly investigate the common and distinct abnormalities of this circuit between two disorders using a combination of neuroanatomical features and causal connectivity analysis. The following are the three major results of this study: first, a lower GMV of the prefrontal cortex was observed in both SCH and DEP. Although both patient groups exhibited significantly decreased GMV in the bilateral MFG, SCH had a significantly lower GMV than DEP. In addition, only SCH had a significantly decreased GMV in the MPFC and rectus. Moreover, the GMV of the MPFC was negatively correlated with the negative symptom severity in SCH. Second, both SCH and DEP had a higher causal out-inflow from the cerebellum to the MPFC than the HCs. Interestingly, this enhanced causal out-inflow showed a negative correlation with the decreased GMV in the MPFC and was positively related with the symptom severity (PANSS negative score) in SCH. Finally, distinct causal connectivity abnormalities were found in SCH and DEP; namely, increased causal connectivity from the thalamus to the MPFC was observed only in SCH, and increased causal connectivity from the cerebellum to the thalamus was noted only in DEP.
Structural deficits in the prefrontal cortex
Consistent with the findings of previous studies of DEP 39 and SCH, 10 the reductions in the GMV of the prefrontal cortex were further demonstrated in the current study. A body of studies have reported that reduced prefrontal GMV is linked to executive dysfunction in SCH. Although both types of patients showed decreased GMV in the bilateral MFG, a lower GMV was found in SCH than in DEP here, which might imply varying degrees of structural impairment and the progression of pathophysiology in different psychological disorders. In addition, we observed a schizophrenia-specific reduction in the GMV of the MPFC, which provided further evidence of the structural deficits in the MPFC in SCH. 17, 40 Recently, a meta-analysis confirmed opposing resting-state activities (hypoactivation in SCH and hyperactivation in DEP) in the MPFC, 41 which may be in line with a different dysfunction in self-reference. [42] [43] [44] Furthermore, the reduced GMV in the MPFC had a negative correlation with the PANSS negative score. Based on previous reports, negative symptoms have a greater impact on functioning 45 and resistance to treatment with antipsychotropic drugs. 46 Thus, the different structural deficits in the MPFC may be a potential foundation of different functional activity. Moreover, some studies have attempted to discriminate between patients and HCs and between patients with different psychotic behaviors using machine learning based on anatomical structures 47 and fMRI. [48] [49] [50] [51] Our findings may provide help in the classification of patients with SCH and DEP.
Common causal connectivity
abnormalities from the cerebellum to the prefrontal cortex Although SCH and DEP are regarded as two distinct psychiatric disorders from a traditional viewpoint, some studies have also provided a possible direction for investigating potential similar symptoms and presumptive common pathologies between SCH and DEP. For example, Muller et al. 52 suggested that the neurobiology of depressive symptoms in SCH might be similar to that in DEP. The dysfunction in the frontal cortex may contribute to the depressive symptoms in SCH. 53 Interestingly, in the current study, increased out-inflow connectivity was observed from the cerebellum to the prefrontal cortex in both SCH and DEP. The change, which was the same in both patient groups and was located in similar anatomic regions, was defined as a common alteration. The results are similar to those of a previous study, which found increased prefrontal-cerebellar causal connectivity. 17 At first glance, it seemed that the increased effective connectivity appeared inconsistent with the general notion that functional connectivity is reduced overall in SCH. 54 However, the results provided positive evidence for the neurodevelopmental model. Previous studies have proposed that the connection of the circuit across the lifespan can be expressed as an inverted U-curve, with maximal connectivity occurring in adolescence. 17, 55 The inverted U-curve suggests an abrupt transition of this circuit from adolescence to adulthood. From this viewpoint, the increased causal connectivity exhibited in SCH and DEP may result from the abnormal development and refinement of the prefrontalthalamic-cerebellar circuit, which might contribute to atypical brain maturation in patients. In addition, this result was consistent with the previous finding that the cerebellum is recruited to participate in abnormal information flow of the frontalthalamic-cerebellar circuit in SCH.
17 Combined with the above findings that SCH and DEP showed abnormal information flow in the prefrontal-thalamiccerebellar circuit (increased flow from the thalamus to the MPFC in SCH and increased flow from the cerebellum to the thalamus in DEP), the cerebellum may provide response feedback to the prefrontal cortex when abnormalities in the information flow occur in the prefrontal-thalamic-cerebellar circuit. Taken together, abnormal causal connectivity from the cerebellum to the prefrontal cortex might be a possible evidence for the understanding of transdiagnostic pathological mechanisms from the perspective of the neuroimaging.
In addition, the increased out-inflow from the cerebellum to the MPFC was also negatively correlated with the GMV of the MPFC in SCH. We presumed that the increased causal flow from the cerebellum to the MPFC might be a compensatory effort to combat the structural deficits in the MPFC. Meanwhile, increased out-in flow from the cerebellum to the MPFC was positively related to the PANSS negative score of the patients with SCH. Combined with the correlation between the GMV of the MPFC and PANSS negative score, the causal connectivity of the prefrontal-thalamiccerebellar circuit might be partly affected by structural deficits, which contribute to the negative symptoms in SCH.
Distinct causal connectivity between SCH and DEP
Some neuroimaging studies have found diseasespecific dysconnectivity patterns between SCH and DEP. For example, Schilbach et al. 56 found reduced connectivity between the MPFC and the parietal operculum in SCH relative to DEP. Yu et al. 57 found that the connections between the prefrontal cortex and the affective network differed in SCH and DEP. A notable finding of the present study was the different abnormalities in the causal connectivity with the MPFC between SCH and DEP. In detail, increased causal connectivity from the thalamus to the MPFC and from the right MFG to the left IFG were only observed in SCH, and increased causal connectivity from the cerebellum to the thalamus was only noted in DEP.
Consistent with previous research, our results verified the occurrence of significant changes in the prefrontal-thalamic connectivity in SCH. Although many studies have suggested the presence of lower prefrontal-thalamic functional connectivity in SCH, 12, 58 increased causal connectivity between these regions has also been reported in some studies. For example, Wagner et al. 59 found increased endogenous connectivity between the prefrontal cortex and thalamus using dynamic causal modeling, potentially suggesting compensatory hyperconnectivity according to the reduced BOLD signal in the corresponding regions. In addition, broad evidence from diffusion tensor imaging has indicated the presence of decreased prefrontal-thalamic structural connectivity in SCH. 60 Therefore, the higher causal connectivity from the thalamus to the prefrontal cortex may be a compensatory effort to combat the structural deficits.
To our knowledge, no study has reported abnormal causal connectivity from the cerebellum to the thalamus in DEP. However, structural deficits of the thalamus and cerebellum have been observed in DEP. 61 A novel computational meta-analysis summarized gray matter reductions in the thalamus and cerebellum, 61 which may contribute to dysfunction in the generation and regulation of emotions in DEP. The thalamus, as a complex information integration node, has been demonstrated to be involved in multisensory emotion recognition and processing. 62 Although the cerebellum was initially considered to be associated with motor coordination, it is now known to participate in extensive emotional processing 62 and is referred to as the "emotional pacemaker". 63 Hence, the altered causal connectivity from the cerebellum to the thalamus might be related to the emotional impairment in DEP.
Limitations
This study had several limitations. First although an almost perfect consistency was demonstrated by a leave-one-out resampling validation analysis, a larger number of participant samples is needed to increase the reliability and sensitivity in the future. Second, both the SCH and DEP patients were taking psychotropic medication, and two of the groups showed significant differences in disease duration, which may introduce confounding effects to some extent. In addition, the neuropsychological assessment was not evaluated, so we can only infer that the changed GMV and causal connectivity are associated with the general pathophysiology. Additionally, recent studies have suggested that the thalamus is not a single brain area with a unitary structure and function; thus, it is crucial to further examine abnormalities of the structure and function of specific thalamic nuclei in the future. Finally, although GCA has been widely used in fMRI studies, it is still controversial because the temporal resolution is too low for realistic neural communication, 64 which is also a common limitation for both GCA and other connectivity analysis such as functional connectivity in the fMRI studies. This study observed altered effective connectivity between the cerebellum and cortex; however, no neural circuits were responsible for the connection.
Thus, the results from the GCA should be carefully interpreted. In addition, other measures that assess brain dynamics 50, 65, 66 should be considered in the future. The results obtained in the first step of the VBM analysis had an influence on the connectivity analysis performed in the second step. Finally, previous study reported that DEP patients with psychotic symptoms had more overlap with SCH in terms of structural and functional changes than nonpsychotic DEP patients; 67 thus, the distinction between psychotic and nonpsychotic DEP patients should be considered in future work.
Conclusion
Combining VBM analysis and causal connectivity analysis, the current study found common/distinct structural deficits and aberrant causal connectivity patterns in the prefrontal-thalamic-cerebellar circuit in SCH and DEP, which may provide a potential direction for the understanding of the transdiagnostic pathological mechanisms. Common dysconnectivity might suggest the aberrant development and refinement of this circuit, which might contribute to atypical brain maturation in two disorders. Disorderspecific alterations also exist as a graded manner of impairment by more serious structural deficit in the prefrontal cortex in SCH as compared to DEP. In particular, correlations between the prefrontal structural deficits, causal connectivity and negative symptoms were observed in SCH, suggesting a partial effect of the structural deficits on this circuit, which may jointly contribute to the negative symptoms of SCH. These findings provided evidence for the convergent and divergent transdiagnostic abnormalities in the prefrontal-thalamic-cerebellar circuit, which may contribute to the common/specific neurophysiological basis in two disorders.
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